A pattern photobleaching method has been used to measure the rates of lateral diffusion of fluorescentlabeled specific anti-nitroxide IgG bound with both combining sites to nitroxide-containing phospholipids in liposomal membranes composed of dimyristoyl phosphatidylcholine at 280C ("fluid"), dipalmitoyl phosphatidylcholine at 320C ("solid"), and dipalmitoyl phosphatidylcholine containing 15 or 25 mol % cholesterol ("solid" or "fluid," respectively, at 320C). The diffusion coefficients of the bound immunoglobulin were found to be the same as those of fluorescent-labeled phospholipids in each case even though these diffusion coefficients range from 10-11 to 10-8 cm2/sec. Hapten-containing liposomal membranes of the type studied here have previously been shown to elicit a number of antibody-dependent immune responses. Therefore, this work indicates that membrane-bound but otherwise freely diffusing antibodies are sufficient for these responses.
each case even though these diffusion coefficients range from 10-11 to 10-8 cm2/sec. Hapten-containing liposomal membranes of the type studied here have previously been shown to elicit a number of antibody-dependent immune responses. Therefore, this work indicates that membrane-bound but otherwise freely diffusing antibodies are sufficient for these responses.
Liposomes containing haptens or antigens are known to trigger a variety of immune responses, both in vitro and in vivo (1) (2) (3) (4) (5) (6) . In this laboratory we have studied specific rabbit anti-nitroxide-IgG-dependent responses to liposomes or vesicles containing spin-label lipids such as I. Included in these responses are depletion of complement (7) (8) (9) and activation of the first component of complement (10) , neutrophils (11) , and macrophages (12) . A central issue in all of these studies is the distribution and motion of bound antibodies on the liposomal membrane (13) . In our previous work we have assumed that antibodies bound to lipid haptens diffuse at approximately the same rates as the lipid hapten themselves and that they do not spontaneously aggregate (7) (8) (9) (10) (11) (12) (13) . Electron microscopic evidence against spontaneous aggregation has been presented recently (14) . The present work was undertaken to measure the rates of lateral diffusion of rabbit IgG anti-nitroxide antibodies in liposomal membranes by using the pattern photobleaching method (15) .
SAMPLE PREPARATION An anti-nitroxide IgG fraction was prepared from rabbit antisera to keyhole limpet hemocyanin alkylated with N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl)iodoacetamide, using methods described (10) . The IgG was labeled with fluorescein isothiocyanate (FITC) by the procedure of Rinderknecht (16) . Large liposomes were prepared in the following manner. One micromole of the appropriate lipid mixture was dried to a thin film from a chloroform solution in the bottom of a 5-ml round-bottom flask. One-tenth of a milliliter of a solution of 10% Ficoll 70 (Pharmacia) in phosphate-buffered saline (Pi/NaCl) was added and the lipid was hydrated for 15 min at 600C. The flask was then shaken vigorously with a Vortex mixer to form the liposomal suspension. The suspension was then diluted with 0.1 ml of Pi/NaCl and layered on 0.8 ml of 10% Ficoll 70 in Pi/NaCl in a 1-ml centrifuge tube. The sample was centrifuged for 4 min at 300 X g; the resulting pellet (v10% of the total lipid) contained primarily multilamellar liposomes ranging from 10 to 50 Am in diameter. In order to avoid liposome aggregation the following steps to bind antibodies to liposomes were carried out at 40C. The pellet was resuspended in a small volume of P1/NaCl and the fluorescent-labeled IgG solution was added. After 15 min the mixture was layered on 5% Ficoll 70 in Pi/NaCl and centrifuged at 1000 X g for 5 min. The supernatant solution was aspirated and the pellet was resuspended in P1/NaCl for the diffusion studies. All microscope slides and coverslips were coated with a 5% solution of bovine serum albumin in Pi/NaCl to limit adhesion of antibodies to the glass.
The coverslip was held above the microscope slide with a ring of vacuum grease to avoid crushing the liposomes. All liposomes used for the antibody diffusion studies contained 1 mol % spin label I. Lipid diffusion measurements were made by using liposomes containing 0.25 mol % N-4-nitrobenz-2-oxa-1,3-diazole phosphatidylethanolamine (NBD-PE) (15) . DIFFUSION 
MEASUREMENTS
Rapid diffusion (diffusion coefficient D> 10-1 cm2/sec) was measured by using a modification of the laser fluorescence photobleaching recovery (17) technique in which the sample is illuminated for photobleaching and subsequent observation of fluorescence by a striped pattern rather than a single spot. A laser beam is directed into a fluorescence microscope through a mask (Ronchi ruling) that consists of alternate transparent and opaque stripes that are equal in width. The sample in the microscope is thus illuminated by a periodic pattern of bright stripes, separated by equally wide dark regions. This pattern of illumination is maintained throughout the measurement. Initially, high-intensity fluorescence excitation light is used to bleach, by irreversible photochemical reaction, a portion of the fluorescent molecules in the illuminated regions of the sample. The light intensity is then reduced to a low level for observation Abbreviations: NBD-PE, N-4-nitrobenz-2-oxa-1,3-diazole phosphatidylethanolamine; DMPC, dimyristoyl phosphatidylcholine; DPPC, dipalmitoyl phosphatidylcholine; FITC-IgG, fluorescein isothiocyanate coupled to rabbit anti-nitroxide immunoglobulin G; Pi/NaCl, phosphate-buffered saline. * To whom reprint requests should be addressed. 4177
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "ad- The third term in Eq. 2 can usually be neglected for times greater than 0.1/Da2, and the data can be analyzed as a single exponential decay to determine the diffusion coefficient. The apparatus for these measurements was the same as previously described (15) Slow diffusion (D < 10-10 cm2/sec) was measured by the fluorescence redistribution after pattern photobleaching method (15) , with the aid of an image intensifier (Ni-Tec, Skokie, IL) to take the photographs. 
RESULTS
The results of the present study are summarized in Table 1 . The important features to be noticed in this table are the following.
(i) The diffusion coefficient of NBD-PE in DMPC liposomes at 280C is the same as the diffusion coefficient of this molecule in coplanar DMPC bilayers. The same diffusion coefficients for lipids are thus obtained for these markedly different geometrical configurations.
(ii) For a given host lipid composition and temperature, the lateral diffusion coefficient of IgG bound to lipid hapten is similar to the diffusion coefficient of the fluorescent lipid probe NBD-PE [and of the lipid hapten itself (19) ]. Note that this conclusion holds for both the "fluid" state of DMPC and the "solid" state of dipalmitoyl phosphatidylcholine (DPPC). This conclusion also holds for the enhanced diffusion of lipids and IgG bound to lipid hapten when the cholesterol content of DPPC liposomes is increased from 15 to 25 mol %. of the order of 100 sec1. In our opinion it is essentially certain that process i governs antibody diffusion for fluid lipid membranes, and also probably governs diffusion for solid membranes. The diffusion data imply that it is very unlikely that IgG bound to hapten I in these membranes adopts any conformation in which a large proportion of the protein molecule interacts directly with lipid, or in which the protein induces a large distortion of the lipid membrane; these data also imply that, for both fluid and solid lipid hosts, there can be no extensive aggregation of bound antibody molecules. This latter conclusion is consistent with recent freeze-etch studies of antibodies bound to haptens similar to I in liposomal membranes (14) .
As mentioned earlier, the hapten-containing liposomal membranes studied here have been shown to elicit a number of immune responses, including depletion of complement and activation of the first component of complement neutrophils, and macrophages. The present work further supports the idea that spontaneous aggregation of membrane-bound antibodies (in the absence of other components of the immune system) is not a prerequisite for activation of antibody-dependent immune responses. Antibody molecules bound to membranes may be aggregated as a consequence of their interaction with other components of the immune system.
We note that a number of studies have reported patch formation in cell membranes by fluorescent-labeled antibodies directed against monovalent membrane-bound lipid haptens (21) (22) (23) (24) 
